Raman scattering spectra of nanocrystalline samples of ZnO(Co) prepared by microwaveassisted hydrothermal synthesis were obtained and surface optical phonons (SOP) where observed in the range of 519-572 cm -1 . The mean crystalline size (33-300 nm) as well as the phase composition of obtained samples (ZnO and ZnCo 2 O 4 ) were determined by X-ray diffraction measurements. These measurements allowed us to study the change of SOP modes position with crystalline size and how the change in concentration of doping component CoO affects the change of SOP modes intensity. [1, 2] . Increasing attention has been devoted to nanostructures made of ZnO doped with transition metals such as Co, Ni, Cr, Fe and V after theoretical prediction of room temperature ferromagnetism in such systems [3] [4] [5] . Nanoparticles induce ferromagnetism in the host semiconductor material, if they contain inclusions of nanoscale oxides of transition metals [6] and/or a large concentration of magnetic ions [7] .
In samples with large surface-to-volume ratios, the appearance of surface optical phonons (SOP) is expected in their Raman spectra, such as in the case of ZnO nanostructures. The existence of SOP modes has been predicted theoretically and/or detected experimentally for ZnO nanostructures [16] . When the dimensions become extremely small, the only mode that persists is a surface mode, which is why the state of surface atoms plays a key role in determining their properties. In ZnO nanostructures, one can expect loss of long-range order and symmetry breakdown in the ZnO shell, which causes the appearance of forbidden Raman modes. With this in mind we can say that those forbidden Raman modes are SOP modes [17] .
The aim of this work is to study sample characteristics, position of the Co ion in the ZnO lattice, formation of existing phases, presence of SOP modes and the sample quality dependence on CoO concentration, by applying micro-Raman spectroscopy.
SAMPLES AND CHARACTERIZATION
The nanocrystalline samples of ZnO doped with CoO were obtained by hydrothermal synthesis. In this method a mixture of cobalt and zinc hydroxides was obtained by addition of an ammonia solution or 2 M solution of KOH to the 20% solution of a proper amount of Zn(NO 3 )⋅6H 2 O and Co(NO 3 )⋅4H 2 O in water. Next, the obtained hydroxides were put in the reactor with microwave emission. The microwave-assisted synthesis was conducted under a pressure of 3.8 MPa for 15 min. The synthesized product was filtered and dried.
This method obtained a series of nanosized ZnO samples with nominal concentration of CoO from 5% to 50%. The morphology of the samples was investigated using scanning electron microscopy (SEM). In SEM images of samples of lower CoO concentration, one can notice particles of similar size that belong to both registered phases, ZnO and ZnCo 2 O 4 . With increase in CoO concentration, the particle size becomes quite different, so we can easily distinguish two types of particles with diverse sizes: bigger (100 nm or more) belonging to the ZnO phase, and smaller, belonging to the ZnCo 2 O 4 phase.
X-Ray diffraction (XRD) (Co Kα radiation, X'Pert Philips) was used to determine the phase composition of samples. The detailed phase composition investigations, in samples prepared by hydrothermal method, revealed the presence of crystalline phases of hexagonal ZnO and spinel structure ZnCo 2 O 4 (ICSD: . XRD data, obtained in this way, allowed us to determine a mean crystalline size, using Scherrer's formula [18] , in these samples. Here the mean crystalline sizes d were between 64 and 300 nm for ZnO phases and from 33 to 77 nm for ZnCo 2 O 4 phases. The obtained results of XRD measurements, phase composition and mean crystalline size are gathered in Table 1 . Here we present the investigation of all samples obtained by hydrothermal method. No other crystal phases have been observed in the samples.
Surface optical phonons
The presence of surface optical phonons (SOP) is common for samples containing particles of nanoscale dimensions and containing imperfections, impurity, valence band mixing, etc. These characteristics result in loss of long-range order and symmetry breakdown with a rise of new, previously forbidden, vibration modes in Raman spectra whose phonons have 0 l ≠ [10, 11, 19, 20] . Another important characteristic of SOP modes is that they exist in polar crystals and that the wavelength of the incident laser beam needs to be larger than the particle size [17] . To understand how SOP modes behave, their characteristics and properties, a physical model is needed. This physical model has to describe the macroscopic properties of a medium based on the properties and relative fractions of its components. This kind of model is found in effective medium theory (EMT) [21] . In the literature, many different approximations of EMT can be found, each of them being more or less accurate in distinct conditions [17, 21] . For polar semi-insulating semiconductors, among many approximations and mixing models for the effective dielectric permittivity [22] , it seems that the Maxwell-Garnet approximation and mixing rule are most prominent [23, 24] . As the Maxwell-Garnet approximation is only valid for small volume fractions of inclusions, it is not appropriate for our samples. Another famous and prominent approximation is the Bruggerman approximation and mixing rule [25] [26] [27] , which is more adequate in the case of our samples. The Bruggeman model is more suitable for high concentrations of inclusions, because there are no restrictions for volume fraction in it. According to the Bruggeman mixing rule, the effective dielectric function is given by:
where g is a geometric factor who depends on the shape of the inclusions. In the case of three-dimensional spherical particles g = 1/3 and in the case of twodimensional circles g = 1/2. The method of preparation and derivation of our samples results in clusterized nanoparticles, which occupy a considerably important volume. With all this in mind it is clear that our nanoparticles, when g = 1/3 is applied, satisfy the Bruggeman formula conditions. In this case, it is necessary to take into account two phonons, typical for ZnO nanoparticles, which are in the region of SOP modes appearance, [28] [29] [30] . Our samples are characterized by low concentration of free carriers and their low mobilities, which permits us to neglect influence of plasmon-phonon interaction. Another consequence of the preparation method in our samples is the random distribution of nanoparticles in space and thus to the incident light. In the obtained Raman spectra, as will be seen later, there is no E1 symmetry phonon, while the existence of A1 symmetry phonon has been registered. This observation can point out the assumption that the E1 symmetry phonon participates in SOP creation. The Raman intensities due to excitation of extraordinary phonons, for our sample, are given by:
In the area of Bruggerman formula applicability, this manner of calculation predicts appearance of one asymmetric peak, with wavenumbers below
This is in good agreement with the experimental spectra of ZnO doped with CoO nanopowders prepared by the hydrothermal method. Therefore, as a result of variation in the main volume fraction and damping rate, there great difference in the intensities and line shapes of simulated SOP modes.
RESULTS AND DISCUSSION
The micro-Raman spectra were taken in the backscattering configuration and analyzed using a Jobin Yvon T64000 spectrometer, equipped with a nitrogen cooled charge-coupled-device detector. As an excitation source, the 514.5 nm line of an Ar-iron laser was used. The measurements were performed at 20 mW laser power.
The obtained Raman spectra have been analyzed using Lorentzian type lines for all phonons [31] while for calculations of SOP lines we have used Eqs. (1) and (2) with ε 1 = 1 (air). The obtained Raman spectra for all samples of nanocrystaline ZnO doped with CoO are shown in Figure 1 . In these samples, as mentioned earlier, only nanoparticles of ZnO and ZnCo 2 O 4 were registered with XRD. We will start our analysis of the obtained Raman spectra with brief report about structural and vibration properties of all potentially present phases in the samples, typical for bulk materials, which is absolutely necessary for understanding the vibration properties of nanoparticles. As a consequence of the nano-nature (structure) of our samples, we expect that bulk modes will be shifted and broadening.
ZnO, the basic material in our samples, is one of the simplest uniaxial, hexagonal crystals; a semiconductor with wurtzite structure belonging to the C 6v 4 (high), which are associated with vibrations of the heavy Zn sublattice and oxygen atoms, respectively. As a result of all of the above, in Table 2 we gather the most typical frequencies and assignation of ZnO Raman active modes [32, 33] . space group with Z = 8. In an ideal AB 2 O 4 spinel structure, A atoms are located on tetrahedral sites of T d symmetry, while B atoms are on octahedral sites of D 3d symmetry and oxygen atom occupy C 3v sites [34] . In ZnCo 2 O 4 the anions form a nearly ideal close-packed pseudo-face-center-cubic sublattice surrounded by tetrahedral and octahedral sites where cations occupy only 1/8 of the tetrahedrally coordinated sites and 1/2 of the octahedrally coordinated sites. Theoretical analysis based on factor-group approach predicts, for ZnCo 2 O 4 , five Raman-active bands (A 1g + Е g + 3F 2g ) and four infrared-active bands F 1u [10, [35] [36] [37] [38] . In Table 3 we gathered frequencies and assignation of Raman active ZnCo 2 O 4 modes, presented in [35] . Slightly different peak positions for bulk have been reported in [10] but quantitatively similar to those given in [35] , except some of peaks are shifted by up to 10 cm -1 . Figure 1 shows all Raman spectra of samples obtained by hydrothermal method doped with 5 to 50% of CoO. In these spectra, there is an evident existence of modes that belong to both phases, ZnO and ZnCo 2 O 4 . The ZnO phase is represented with its characteristic single phonon modes at 379 (A 1 (TO)), 437 (Е 2 (2) ), 577 (A 1 (LO)), and multi phonons (2LO) at 330, 660 and ∼1110 cm -1 . The most typical and most obvious representative of ZnO phase, especially in smaller concentrations of CoO, is the mode at 437сm -1 . This mode at 437 сm -1 behaves the same way as all other ZnO modes; its intensity decreases with increase in CoO concentration. In these spectra, the peak center position is at somewhat lower frequencies than in bulk crystals, due to the nanosized structure of the samples. Beside modes belonging to ZnO, modes such as 185 (F 2g ), 475 (E g ), 520 (F 2g ), 610 (F 2g ) and 690 cm -1 (A 1g ), which represent the ZnCo 2 O 4 phase, can also be seen. Our results for ZnCo 2 O 4 modes are in good agreement with results presented in [10] for smaller concentrations of dopant (CoO), while for higher concentration of dopant they are in good agreement with results presented in literature [35] . The intensity of ZnCo 2 O 4 modes, oppositely from ZnO modes, increased with the increase of CoO concentration. These results of Raman spectroscopy are in good agreement with previously obtained XRD results. Apart from modes that belong to ZnO and ZnCo 2 O 4 , in each and every Raman spectrum of our samples prepared by hydrothermal method, the existence of an additional structure is also evident. This additional structure is the SOP mode, originating from ZnO nanoparticles as a consequence of the nanosize structure of the samples, as mentioned previously.
The effect of change of CoO concentration on the behavior of characteristic SOP modes is shown in Figure  2 . It is clearly visible that the intensity of SOP modes decreases with the increase in CoO concentration, which is similar to the intensity behavior of ZnO modes and opposite to intensity behavior of ZnCo 2 O 4 . This conduction of SOP modes is an additional proof that they originate from ZnO.
CONCLUSION
The morphology of hydrothermally obtained samples was examined using SEM, showing particles of different sizes: smaller particles belonging to the ZnCo 2 O 4 phase, and larger particles belonging to the ZnO phase. The following investigation of phase composition by X-ray diffraction revealed the existence of ZnO and ZnCo 2 O 4 crystalline phases. In the Raman spectra of all prepared samples, the presence of ZnO was determined by the existence of characteristic single and multi phonons modes. The presence of ZnCo 2 O 4 was determined by the existence of its typical phonon modes. Besides the modes that belong to ZnCo 2 O 4 and ZnO phases, there is also evidence of surface optical phonons (SOP) modes. We have investigated the characteristics of the SOP modes and notice that their intensity, as the intensity of ZnO modes, decreased with the increases in CoO concentration, while the intensity of ZnCo 2 O 4 modes showed the opposite behavior. 
